ABSTRACT APOBEC3G (A3G) DNA deaminase activity requires a holoenzyme complex whose assembly on nascent viral reverse transcripts initiates with A3G dimers binding to ssDNA followed by formation of higherorder A3G homo oligomers. Catalytic activity is inhibited when A3G binds to RNA. Our prior studies suggested that RNA inhibited A3G binding to ss-DNA. In this report, near equilibrium binding and gel shift analyses showed that A3G assembly and disassembly on ssDNA was an ordered process involving A3G dimers and multimers thereof. Although, fluorescence anisotropy showed that A3G had similar nanomolar affinity for RNA and ssDNA, RNA stochastically dissociated A3G dimers and higherorder oligomers from ssDNA, suggesting a different modality for RNA binding. Mass spectrometry mapping of A3G peptides cross-linked to nucleic acid suggested ssDNA only bound to three peptides, amino acids (aa) [181][182][183][184][185][186][187][188][189][190][191][192][193][194] (1) demonstrated that apolipoprotein B mRNA editing enzyme catalytic polypeptide-like 3G (APOBEC3G or A3G) was the cellular factor responsible for the restriction of HIV-1 lacking functional viral infectivity factor or Vif (2). The most effective mechanism for A3G-mediated viral restriction was through its ability to mutate deoxycytidine (dC) in single-stranded DNA (ss-DNA) to create deoxyuridine (dU) on minus strand viral cDNA which templates deoxyguanidine (dG) to deoxyadenine (dA) hypermutation during second strand synthesis (3-6,7). Access to the reverse transcription complexes was ensured by assembly of A3G within nascent viral particles through A3G interactions with viral genomic RNA, cellular 7SL RNA as well as with . The dC to dU mutations were introduced irregularly with an overall 3 -5 gradient along the nascent first strand cDNA (4,17). Mechanisms for the deaminase-dependent reduction in viral infectivity include proviral DNA degradation resulting from dC to dU hypermutation of proviral first strand DNA or the expression of truncated, mis-folded or otherwise non-functional viral proteins as a result of dG to dA hypermutation of viral open reading frames (2,18). Deaminase-independent mechanism for the reduction in viral replication and integration also have been characterized (2).
INTRODUCITON
In 2002, Sheehy et al. (1) demonstrated that apolipoprotein B mRNA editing enzyme catalytic polypeptide-like 3G (APOBEC3G or A3G) was the cellular factor responsible for the restriction of HIV-1 lacking functional viral infectivity factor or Vif (2) . The most effective mechanism for A3G-mediated viral restriction was through its ability to mutate deoxycytidine (dC) in single-stranded DNA (ss-DNA) to create deoxyuridine (dU) on minus strand viral cDNA which templates deoxyguanidine (dG) to deoxyadenine (dA) hypermutation during second strand synthesis (3) (4) (5) (6) 7) . Access to the reverse transcription complexes was ensured by assembly of A3G within nascent viral particles through A3G interactions with viral genomic RNA, cellular 7SL RNA as well as with Gag (8) (9) (10) (11) (12) (13) (14) (15) (16) . The dC to dU mutations were introduced irregularly with an overall 3 -5 gradient along the nascent first strand cDNA (4, 17) . Mechanisms for the deaminase-dependent reduction in viral infectivity include proviral DNA degradation resulting from dC to dU hypermutation of proviral first strand DNA or the expression of truncated, mis-folded or otherwise non-functional viral proteins as a result of dG to dA hypermutation of viral open reading frames (2, 18) . Deaminase-independent mechanism for the reduction in viral replication and integration also have been characterized (2) .
Nucleic Acids Research, 2015, Vol. 43, No. 19 9435 Vif binding to and targeting of A3G for polyubiquitination and proteosomal degradation is the principal viral defense against host cell restriction by A3G (19) (20) (21) (22) . However, cellular mechanisms also render A3G unable to participate in host-defense. The most notable of which is sequestering of A3G in ribonucleoprotein particles (RNP) (23, 24, 25) . RNAs 25 nt in length or longer can inhibit A3G ssDNA binding and dC deaminase activity in vitro (26) . In vivo, the predominant form of A3G in several cell types is as RNP within cytoplasmic P-bodies (23, 27, 28) associated with diverse cellular RNAs with little or no sequence preference (26, 29, 30) . Once localized to P-bodies, A3G does not contribute to host cell retroviral defense (24, 27, 28, 31) . Paradoxically, assembly with nascent virions, which is required for viral restriction, involves oligomerization of newly synthesized A3G molecules on viral RNA and cellular 7SL RNA (9, 11, 13, 32, 33) . This apparent duality of A3G RNP function is poorly understood, though likely a function of the non-specific nature of A3G's association with RNA (23, 27, 28) combined with A3G association with HIV Gag (15, 34, 35) that allows it to specifically infiltrate HIV viral particles.
Cytidine deaminase activity can be restored to cellular A3G following in vitro RNase A digestion (36) . RNA bound to A3G that is assembled within viral particles also inhibits A3G deaminase activity. However, deaminase activity of A3G in virions is recovered post-entry following RNase H removal of HIV genomic RNA during reverse transcription (8) . Although the field understands that catalytically active A3G requires homo oligomerization on ss-DNA and that catalytically inactive A3G also forms homo oligomers on RNA (26, (37) (38) (39) , the mechanism of RNA inhibition of A3G catalytic activity is poorly understood and complicated by the lack of structural data.
In this study, we address the mechanism of RNA binding to A3G and describe the mechanism for RNA inhibition of A3G binding to ssDNA under defined in vitro conditions using a combination of biophysical approaches and structural modeling. Quantification of A3G binding to ss-DNA and RNA suggested different binding modalities. The physical nature of these interactions was evaluated using mass spectrometry (MS) analysis of tryptic peptides from native A3G:nucleic acid complexes that were covalently stabilized through UV irradiation-induced cross-linking. The data suggested that ssDNA bound adjacent to the zincdependent catalytic core domain in the C-terminus and within an exposed surface that extended to an N-terminal region of A3G, here-to-fore not implicated in ssDNA binding. The data provided a rational explanation for why the C-terminal half of A3G alone was not efficient in ssDNA binding and deaminase activity required for antiviral activity in infected cells (40) (41) (42) (43) but it is still not clear why the C-terminal half of A3G supported ssDNA deaminase activity in the bacteria-based Rifampicin sensitivity reversion assay (44) . MS analysis suggested that RNA bound to the C-terminal half of A3G. This is a novel observation and suggests that RNA may act as a competitive inhibitor of ssDNA binding to A3G. We also identified peptides that were uniquely cross-linked to RNA within the N-terminus of A3G. Interestingly, these peptides were predicted to form an exposed continuous surface within the N-terminus that was juxtaposed to the surface predicted to bind to both ssDNA and RNA. We predict that these interactions with RNA may induce conformational constraints that allosterically inhibit A3G binding to ssDNA. The observations in this study support a mechanism of competitive and allosteric RNA inhibition of A3G deaminase activity that will be relevant for understanding anti-retroviral host defense.
MATERIALS AND METHODS

APOBEC3G (A3G) preparation
The open reading frame of wild type and full length human A3G (accession # NM 021822) with a C-terminal 4-His tag was cloned into pFastbac (Invitrogen) using NheI and XhoI and verified by DNA sequencing. Protein was expressed in Sf9 cells by Immunodiagnostics Inc (Waltham, MA) and provided as frozen cell pellets for A3G purification as previously described (36) (see Supplemental Methods).
labeling of oligonucleotides
The oligonucleotides used for electrophoretic mobility shift assays (EMSA) and primer extension reactions (Table 1) were 5 end radiolabeled with 32 P-␥ -ATP (6000 Ci/mmol) using T4 polynucleotide kinase (Roche) and purified using 15% denaturing PAGE. Fluorescently labeled oligonucleotides used for EMSA and fluorescence anisotropy were purchases as 5 end C6-NH 3 linker modified oligos (IDT) and incubated for 12 h at 24
• C with Alexa Fluor R 647 succinimidyl ester in 0.1 M sodium tetraborate buffer (pH 8.5) followed by purification with 15% denaturing PAGE.
A3G assembly with nucleic acids
Complexes of A3G and nucleic acid were prepared by incubating the indicated amounts of A3G and the indicated molar ratios of unlabeled or 32 P-or AlexaFluor R 647-labeled oligonucleotides (Table 1) in deaminase buffer (1XDB, 40 mM Tris pH 7.2, 50 mM NaCl, 10 mM MgCl2, 1 mM DTT, 0.1% Triton X-100, 2% glycerol) for 20 min at 37
• C. In competition analyses, the indicated concentrations of unlabeled competitor RNA or ssDNA were pre-incubated with A3G for 5 min at 37
• C prior to the incubation of labeled oligonucleotides for an additional 20 min at 37
• C. Complexes assembled in each reaction condition were resolved on a 5% native gel (26, 39) and visualized using a Typhoon TM phosphorimager (GMI) by excitation at 633 nm and measuring fluorescence at 670 nm when fluorescent ssDNA was used. Radiolabeled samples were exposed to phosphorimager screens and quantified by Phosphorimager scanning densitometry.
For quantification of the EMSA images, the densitometric values from the Phosphorimager scans for free ssDNA, C1 and C3 complexes were added as the total ssDNA signal in each titration (per gel lane) and this sum was divided into the densitometric value of free ssDNA, C1 or C3 in order to determine the 'relative' amount of ssDNA within each electrophoretic mobility of ssDNA. These relative values were acquired from triplicate titration experiments, averaged and the standard error of the mean (SEM) determined. 
Equilibrium fluorescence anisotropy
Alexa Fluor R 647 labeled ssDNA or RNA (Table 1) were added to each reaction at a fixed concentration of 2 nM with 0-100 nM A3G for 20 min at 37
• C in 1XDB. Fluorescence anisotropy measurements were carried out using a Fluormax-4 Spectrofluorometer (HORIBA). Anisotropy measurements (ex = 647 nm, em = 670 nm) with 5 nm band passes were made in triplicate and mean values were reported. The change in anisotropy was calculated by subtracting the average anisotropy of the free 5 -labeled ss-DNA or RNA from the average anisotropy of the A3G: nucleic acid assembly reactions. The change in anisotropy as measured in triplicate in two separate studies (n = 6) was plotted against [A3G]. The K d was calculated through non-linear regression by fitting the data to Eq. (1), where A3G:NA is the fraction of A3G bound to nucleic acid (NA).
Equilibrium competition analyses employed 2 nM Alexa Fluor R 647 labeled ssDNA incubated with A3G and unlabeled ssDNA or RNA. Change in average anisotropy was plotted against the unlabeled competitor nucleic acid concentration. Through non-linear regression analysis the data were fit to Eq. (2) and the IC50 was determined.
Deaminase assay and quantification
In a standard cytidine deaminase (CD) assay, ssDNA substrate (0.2 M) was incubated with A3G (1.75 M) for 40 min in 1XDB at 37 • C. RNA competition studies were performed as described above followed by a standard CD assay. After incubation with the ssDNA substrate, the reaction was stopped by the addition of an equal volume of 2X stop buffer (0.1 M Tris pH 7, 0.01 M EDTA, 0.4% SDS, 0.2 M NaCl, 0.2 mg/ml Proteinase K, 0.1 mg/ml E. coli tRNA). Substrate was then purified using phenol/chloroform/isoamylalcohol (50:49:1) and ethanol precipitation. Poisoned primer extension products were resolved with 15% denaturing PAGE and quantified with a Typhoon TM phosphorimager as recently described (39) . The percent deamination was calculated by dividing the band volume of the deaminated substrate (dU) by the total band volume of deaminated and unmodified substrates (dU+dC). The data shown are representative of four independent determinations.
UV-induced cross-linking of nucleic acids to A3G protein
A3G was assembled with nucleic acid at 4:1 molar ratio (if not indicated otherwise) in 1XPBS at 37
• C for 20 min and cooled on ice. Complexes assembled with BrdU-modified oligonucleotides (Table 1) were then irradiated for 20 min with medium wavelength UV light (302 nm) (45, 46) , while those assembled with RNA oligonucleotides were irradiated with short wavelength UV light (254 nm) (47) . The A3G cross-linked products were separated with 12% SDS PAGE and visualized after staining with Coomassie SimpleBlue SafeStain (Life Technologies) as proteins bands with slower mobility in the gel as compared to the mobility of uncross-linked and monomeric A3G. Protein crosslinked to BrdU ssDNA oligonucleotides migrated as a band 5-6 kDa larger than uncross-linked A3G whereas A3G Nucleic Acids Research, 2015, Vol. 43, No. 19 9437 cross-linked to RNA had a more marked reduction in mobility causing these bands to be positioned near the top of the resolving gel. In control experiments, AlexaFluor R 647-labeled oligonucleotides were cross-linked to A3G and resolved by 12% SDS PAGE and visualized using a Typhoon TM phosphorimager by excitation at 633 nm and measuring fluorescence at 670 nm to validate that the shifted bands were due to conjugation of A3G with nucleic acids.
Preparation of A3G for mass spectrometry
Nucleic acid-free A3G and A3G cross-linked to nucleic acid were cut from SDS-PAGE gels and washed three times in 20 mM Tris pH 7.5 2.5 mM MgCl 2 (for ssDNA cross-linking) or in 25 mM Tris pH 7.5 2 mM EDTA (for RNA crosslinking) and processed as described in Supplemental Methods. MS analysis of tryptic peptides was performed using LTQ Orbitrap XL (Thermo Fisher Scientific) analysis, a nano-HPLC system (Easy-nLC II, Thermo Fisher Scientific) coupled to the electrospray ionization source of an LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific). Data were collected as RAW files and converted to .mgf files using Bioworks Browser. Resultant .mgf were imported into ProteinScape (Bruker Daltonics) and searched via MASCOT files (MatrixScience). Search parameters included: trypsin as an enzyme; three missed cleavages; 0.05 Da for MS and MS/MS data from the LTQ Obitrap XL (1 for #13C, +2; +3 for charge state), decoy search and acceptance criteria of a minimum one peptide greater than identity score (minimum score of 15). The False Discovery Rate was less than 5%. The high number of missed cleavages was chosen using the assumption that trypsin might not cut at a modified residue, as modified residues would not fit in the trypsin active site. A non-redundant list of identified peptides was compiled with ProteinExtractor. Matched spectra were manually validated using BioTools (Bruker Daltonics).
Modeling of A3G peptides cross-linked with 25 nt nucleic acids
A3G peptides implicated by mass spectroscopy analysis in binding to 25 nt RNA and ssDNA were mapped on the crystal structure of the A3G C-terminal half (PDB 3IR2, (48)) and on a homology model of the wild-type sequence of the A3G N-terminal half generated with the automated mode of SWISS-MODEL (49) using the NMR structure (60) PDB 2MZ of a solubilized A3G N-terminal variant comprising 80% sequence identity with the wild-type A3G N-terminal half, as the template. Cartoon and surfacerendered images were generated with PyMol (50).
RESULTS
A3G binds to ssDNA and RNA with similar affinity
We previously demonstrated that RNAs as short as 15 nt bound to A3G however only RNAs ≥25 nt inhibited A3G binding ssDNA and deoxycytidine deaminase activity (26) . RNA inhibition of A3G deaminase activity was previously shown to lack sequence specificity (26,29) but we show here that RNA inhibition is concentration dependent (Supplemental Figure S1 ). Mechanistic details for RNA inhibition of A3G ssDNA deaminase activity are lacking. Therefore we determined the dissociation constants (K d ) of A3G by fluorescence anisotropy (FA) using Alexa Fluor 647 labeled 25 nt ssDNA and 25 nt RNA of comparable sequences (Table 1). A3G bound to 25 nt ssDNA and RNA with low nM affinities (K d of 3.8 nM ± 0.8 SEM compared to 2.9 nM ± 0.6 SEM (n = 6), respectively) ( Figure 1A and B) . Reducing the length of ssDNA and RNA to 15 nt measurably reduced A3G binding affinities but these remained in the low nM range (K d of 10 nM ± 2 SEM and 4.4 nM ± 0.6 SEM (n = 6), respectively) ( Figure 1C and D) . The remainder of our studies were conducted with nucleic acids 25 nt or greater.
A3G deaminates processively along ssDNA by a proposed sliding and jumping mechanism (51-53). We evaluated the potential for A3G to exchange ssDNA by FA in competition binding assay wherein unlabeled 25 nt substrate ssDNA (Sub ssDNA) or RNA (Sub RNA) ( Table 1) served as competitors for Alexa Fluor 647 labeled 25 nt Sub ssDNA or RNA. Unlabeled ssDNA proved to be an effective competitor for the same sequence of labeled ssDNA or comparable RNA sequence (IC 50 of 15 nM ± 1.1 SEM and 22 nM ± 1.1 SEM, (n = 6), respectively) (Figure 2A and  B) . Surprisingly, unlabeled RNA was far less able to compete for fluorescently labeled RNA or ssDNA binding to A3G (IC 50 of 115 nM ± 1.2 SEM (n = 6) and 57 nM ± 1.2 SEM (n = 6) respectively) ( Figure 2C and D) . Despite A3G having similar affinities for RNA and ssDNA, RNA self-competition required nearly 10-fold more competitor than was observed for ssDNA self-competition (compare Figure 2A and C). These data raise the question that there may be physical differences in how A3G interacts with RNA and ssDNA.
A3G binds to ssDNA and RNA with distinctive modalities
Published EMSA of A3G complexes with nucleic acids in fact suggested that the electrophoretic mobility of A3G:ssDNA complexes was distinct from A3G:RNA complexes (26, 29, (37) (38) (39) (54) (55) (56) (57) (58) . A3G bound to ssDNA at 4
• C or 37
• C but only deaminated dC at 37
• C (39). We show here that RNA binding to A3G required elevated temperatures and was markedly impaired by reducing the temperature of the assembly reaction from 37
• C to 4
• C (Supplemental Figure S2) . Therefore RNA and ssDNA binding to A3G differ in their thermal energy requirements.
To better understand A3G binding to RNA and ssDNA we examined the complexes that A3G forms with ssDNA by EMSA using near equilibrium in vitro assembly conditions ( Figure 3 ). Labeled 25 nt Sub ssDNA progressively shifted with the addition of A3G to the electrophoretic migration of C1 complexes previously characterized as A3G dimers (39) (Figure 3, lanes 3-9) . Upon the addition of 18.8 nM A3G (lane 9), and with further addition of A3G, C1 complexes progressively shifted to the electrophoretic migration of C3 complexes, previously characterized as A3G tetramers (39) (Figure 3, lanes 10-13) . The quantification of the relative signals at the electrophoretic mobility of free ss-DNA, C1 and C3 in the gel image on the left in Figure 3 are graphically represented on the right in Figure 3 . Three independent analyses were carried out (not shown) and quantified. The average relative signal in free ssDNA, C1 and C3 at each step of the titration was calculated (as described in Methods) and the SEM determined to be +/− 1.8 to 3.2% across the titration. Therefore, near equilibrium titration corroborated an A3G concentration-dependent ordered assembly of the C3 holoenzyme reported previously under non-equilibrium conditions (39) . Near equilibrium conditions were also established to evaluate how ssDNA competed for labeled 25 nt Sub ss-DNA bound to A3G by titrating increasing amounts of unlabeled 25 nt Sub ssDNA of the same sequence into assembly reactions with sufficient A3G to assemble C3 complexes relative to a fixed amount of radiolabeled ssDNA (300 nM) ( Figure 4A , input A3G:ssDNA assembly). With the addition of unlabeled ssDNA, radiolabeled 25 nt Sub ssDNA in C3 complexes appeared diminished with a commensurate appearance of radiolabeled ssDNA in C1 complexes (Figure 4A, lanes 2-6) . Little or no protein-free ('free') radiolabeled ssDNA was observed until a 0.8 molar ratio of unlabeled competitor ssDNA to labeled ssDNA was achieved ( Figure 4A , lane 6). At this molar ratio, radiolabeled ss-DNA in C3 complexes was <5% of the total radiolabeled ssDNA, and C1 was the most abundant complex. Further addition of competitor ssDNA resulted in the generation of free, labeled ssDNA ( Figure 4A, lanes 7-13) . The quantification of the relative signals from free ssDNA, C1 and C3 in the gel image on the left in Figure 4A are graphically represented to the right in Figure 4A . Again this study was performed in triplicate (not shown) and quantified. The average relative signal in free ssDNA, C1 and C3 at each step of the titration was calculated and the SEM determined to be +/− 1.6-5.1% across the titration.
Assuming that C3 tetramer formation was driven by free A3G protein interacting with preformed A3G dimers bound to ssDNA (39) , the near equilibrium data suggested a nuanced mechanism of competition wherein A3G dimers bound to radiolabeled ssDNA within C3 complexes were more difficult to displace than A3G associated with the C3 complexes through protein-protein interactions. With sufficiently high addition of competitor ssDNA, radiolabeled ssDNA also was displaced from A3G that had remained bound to it in C1 complexes. Taken together with the data in Figure 3 , the ssDNA self-competition suggested a highly ordered progression in assembly from homo dimeric A3G-DNA binding complexes to homo tetrameric A3G holoenzyme complexes that were driven largely by the addition of A3G to the reaction and protein-protein interactions.
A strikingly different outcome was obtained when 25 nt Sub RNA was used as a competitor for radiolabeled 25 nt Sub ssDNA assembled with A3G assembly as C3 complexes ( Figure 4B ). A3G and radiolabeled 25 nt ssDNA were combined in sufficient proportions for efficient assembly of C3 complexes and a titration of unlabeled 25 nt RNA was added to the assembly reactions ( Figure 4B , input A3G:ssDNA assembly). Upon addition of low amounts of RNA (0.025 molar ratio of unlabeled RNA competitor to labeled ssDNA Figure 4A , lane 1), C3 complexes began to diminish with the appearance of prominent C1 complexes as well as some free labeled ssDNA ( Figure 4B,  lanes 1-4) . Although C3 complex reduction due to ssDNA self-competition directly correlated with a commensurate increase in C1 ( Figure 4A, lane 7) , RNA competition did not show this. Instead, C3 complexes, though markedly diminished by RNA competition, were detectable across a broad range of RNA competitor concentrations coincident with the appearance of free radiolabeled ssDNA ( Figure 4B , lanes 4-6). These data suggest that RNA binding to A3G stochastically inhibited all means by which A3G associated with ssDNA.
The relative signals from free ssDNA, C1 and C3 in the gel image on the left in Figure 4B are shown graphically to the right in Figure 4B . Not included in these calculations was a signal from fluorescent ssDNA with low electrophoretic mobility seen as a smear at the top of the lanes. The abundance of this material appeared to decrease with increasing amounts of competitor RNA added but other than labeled ssDNA, the composition of this material is unknown and not further investigated here. The average relative signal in free ssDNA, C1 and C3 at each step of the titration from triplicate determinations was calculated and Nucleic Acids Research, 2015, Vol. 43, No. 19 9441 the SEM determined to be +/− 2.2-4.3% across the titration.
A3G binds to ssDNA through three peptides
To determine the RNA and ssDNA binding sites on A3G, we assembled wild type and full length A3G with RNA or ssDNA, stabilized the interaction by ultraviolet (UV) light cross-linking, trypsin and nuclease digested the complexes and conducted MS peptide analysis (see Methods). It was anticipated that the mass-to-charge ratio for peptides cross-linked to ribo-or deoxyribo-nucleotides would differ markedly from their peptide counterparts derived from A3G that remained cross-linked to nucleic acids in each sample. Therefore, such cross-linked peptides would not be determined in Mascot searches with parameters set to identify native (unmodified) A3G tryptic peptides. A comparison of the A3G peptide coverage of cross-linked samples to A3G peptide coverage of uncross-linked A3G samples would suggest A3G peptides involved in nuclei acid binding (Supplemental Figure S3) . A3G peptide coverage from protein bands excised from SDS-PAGE at the native molecular mass of A3G averaged 76% (Supplemental Figure S3A ) in three independent sample preparations and produced consistent data with highscore peptides identification in Mascot searches (typical peptide scores were over 40). Regardless of which samples were analyzed the A3G peptide sequences spanning 1-14, 53-55, 77-102, 137-150, 164-169, 298-301, 321-334, 375-384 amino acid residues were not identified in Mascot searches. These tryptic peptides were short (2-4 residues) and their signals may have been too low for MS detection. We cannot exclude that some of these peptides contained amino acid residues with posttranslational modifications and were missed because we performed our Mascot searches for unmodified peptides.
For cross-linking of ssDNA-A3G, bromouridine (BrdU)-modified oligonucleotides were assembled as C3 complexes. One or more BrdU were positioned in the substrate at or close to the A3G 'hotspot' for deamination (UUBrdU) within 15, 25 or 99 nt ssDNAs (Table 1) . After cross-linking with medium wavelength UV-light (302 nm), cross-linked A3G was resolved from uncross-linked A3G and processed as described in Methods. Notably, three tryptic peptides were reproducibly absent from the samples that had been cross-linked to 15 nt, 25 nt and 99 nt ssDNAs that corresponded to amino acid positions 181-194 (N-terminal domain) and 314-320 and 345-374 (C-terminal domain) ( Figure 5A ). The overall A3G peptide coverage in these cross-linked samples was reduced to 63% (Supplement Figure S3B-D) . Introduction of three BrdU modifications in 99 nt ssDNA (Table 1) led to identification of an additional cross-linked peptide corresponding to amino acid positions 227-238 ( Figure 5A , Supplemental Figure S3E ).
Residues that encompass the zinc-dependent catalytic site in the C-terminus were not implicated in ssDNA binding; suggesting that while these residues are essential for catalysis, they may not be essential for ssDNA binding. However, the lack of cross-linking does not necessarily mean that they could not be bound because UV-cross-linking is af- Figure 5 . Graphic representation of the tryptic A3G peptides that crosslinked to 25 nt Sub ssDNA and RNA. (A) A3G was assembled with the indicated ssDNA containing BrdU to form C3 complexes and proteinssDNA interactions stabilized by cross-linking with medium wave UV light as described in Methods. Tryptic peptides were produced, purified and analyzed by mass spectrometry as described in Methods. The full-length amino acid sequence of A3G is shown with tryptic peptides found to be cross-linked to various ssDNAs indicated by the coded bars. The sequence motif of the C-terminal zinc-dependent deaminase domain is underlined with a double headed arrow. (B) A3G was assembled with 25 nt ApoB RNA to form ribonucleoprotein complexes and protein-RNA interactions stabilized by cross-linked with short wave UV light as described in Methods. Tryptic peptides were produced, purified and analyzed by mass spectrometry as described in Methods. The full-length amino acid sequence of A3G is shown with trypic peptides found to be cross-linked to RNA indicated by underline bar. The sequence motif of the C-terminal zincdependent deaminase domain is underlined with a double headed arrow.
fected by protein conformational dynamics, favored by particular residues that cross-link to BrdU (46) and requires the proper alignment of cross-linking moieties wherein interactions between protein and nucleic acid backbone are not cross-linked. Thus, additional ssDNA binding sites on A3G cannot be ruled out.
Peptides that bind to RNA are within both C-and N-termini of A3G
The sites on A3G bound to RNA were evaluated in a similar manner using short wave length UV light to cross-linked 25 nt apoB RNA to A3G as the starting material. This RNA sequence was chosen for its AT-rich RNA and absence of stable secondary structures so as to optimize A3G binding (26, 59) . Peptide coverage from A3G cross-linked to this RNA was 57% in three independent experiments (Supplement Figure S3F ). Tryptic peptides cross-linked to RNA included all of those implicated in binding to ssDNA (aa [181] [182] [183] [184] [185] [186] [187] [188] [189] [190] [191] [192] [193] [194] (N-terminal domain) , 314-320 and 345-374 (Cterminal domain)) ( Figure 5B ). These data support a competition model for RNA and ssDNA binding to A3G. However, in addition, peptide analysis of A3G RNP suggested unique RNA binding sites in the N-terminus of A3G corresponding to amino acids positions 15-29, 41-52 and 83-99 ( Figure 5B ). The data suggested that allosteric inhibition of ssDNA binding to A3G may occur as well through RNA occupancy of N-terminal RNA binding sites.
Competitive and allosteric RNA binding surfaces relative to ssDNA binding to A3G
A model of the distribution of peptides cross-linked to nucleic acids was determined using the crystal structure of the C-terminal half of A3G (PDB 3IR2, (48)) and a wildtype A3G sequence homology of the A3G N-terminal half that we produced based on the NMR structure of the Nterminus of A3G that was mutated to improve its solubility (60) (Figure 6 ). The C rmsd between our 'wild-type' homology model and the solubilized A3G NMR structure (PDB 2MZZ model 1) was 0.68Å. The global model quality estimate (GMQE) for this 'all wild type sequence' homology model was acceptable (0.75).
The distribution of DNA-binding peptides mapped onto the structural models for A3G suggested that DNA may wrap around the C-terminal CD2 and interact with at least one face of the N-terminal CD1. The region of the A3G N-terminal half involved in binding to ssDNA was located within ␣-helix 6 (residues 181-194) placing ssDNA that was bound to the N-terminus of A3G in close proximity to the C-terminal catalytic domain. The two C-terminal DNAbinding peptides (residues 345-372 comprising ␣-helix 5, loop 10 and ␣-helix 6 and residues 314-320 comprising loop 7) mapped to surface areas that wrap around the catalytic domain and were proximal to the N-terminal DNA-binding domain. This model supported DNA binding to residues within one large contiguous surface area on A3G that comprised parts of both N and C-terminal halves. The total solvent accessible surface area potentially exposed to ssDNA from these three DNA cross-linked peptides is predicted to be 3207Å
2 . The peptides uniquely implicated in RNA cross-linking to A3G within the N-terminus, corresponded to ␣-helix 1 and loop 1 (aa [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] , loop 2 (aa 41-52) and ␤-strand 3, loop 5 and part of ␣-helix 3 (aa 83-99). Modeling suggested that these residues were within a solvent-accessible exposed surface area predicted to be 3110Å 2 that was adjacent to the surface area involved in binding to ssDNA and RNA.
DISCUSSION
Prior primary sequence analysis and structure modeling showed that A3G contains two cytidine deaminase domains (CD1 and CD2) (43, 59, 61, 62) . Although each CD has at its core a conserved zinc-dependent deaminase (ZDD) super secondary structure motif that coordinates zinc, neither (48)) and of an A3G N-terminal CD1 SWISS homology model. The N-terminal homology model was generated with SWISS model (49) using the NMR structure (PDB 2MZZ, (60)) of a solubilized A3G N-terminal variant, comprising 80% sequence identity with the wildtype A3G N-terminal half. The location of the catalytic (white dots) and pseudo-catalytic (black dots) zinc-coordinating residues are indicated for orientation. The upper A3G surface models are depicted in the same orientation as the cartoon diagrams of A3G. The orientation of CD1 relative to CD2 within full length A3G has not been determined and therefore is not shown as being linked in this model. CD1 and CD2 are depicted as both facing the viewer for convenience of depiction though it is acknowledged that this may not necessarily be their presentation in native A3G.
was sufficient alone for the functional activity seen with full length A3G (48, 63, 64) . The N-terminal ZDD (whose fold encompasses residues 65-100) is catalytically inactive but is important for RNA binding, oligomerization and supports the cytidine deaminase activity and ssDNA binding mediated by the C-terminal ZDD (whose fold encompasses residues 257-291) (37, 43, 63, 65) . Site-directed mutagenesis of residues within CD2 that are essential for the zinc coordination and proton shuttling inhibited the catalytic activity of A3G but did not affect ssDNA binding (48, 64, 66) . Our data also suggested that peptides containing these residues were not cross-linked to ssDNA.
Residues throughout the C-terminus of A3G have been implicated in ssDNA binding (residues 211-375) (41, 55, 64, 67) . Previously published structural modeling suggested that ssDNA binding to A3G involved charged residues R213, R215, R313 and R320 within the 'Brim' and N244, R374 and R376 within the 'Kink' regions flanking CD2 (66) . Mutation of these residues individually or in combination inhibited deaminase activity on ssDNA substrates in vitro, A3G-dependent Rifampicin resistance reversion in E. coli and antiviral activity in single cycle in-fectivity assays, but they did not affect ssDNA binding. Only mutations of W127 or W94 in combination with the double R313 R320 mutation inhibited A3G ssDNA binding (41, 48, (64) (65) (66) (67) . One cannot conclude that the mutated residues were involved in ssDNA binding based on lossof-function data alone. However, considering these data, the current study suggested that ssDNA binding to 15 nt and 25 nt ssDNA occurred within A3G sequences 181-194, 314-320 and 345-374 that include or are proximal to the Brim and Kink charged residues. The published models were based on A3G binding to a 69 nt ssDNA and in this regard, when we assembled A3G with a 99 nt ss-DNA substrate, a peptide corresponding to aa 226-239 was cross-linked to ssDNA. This is proximal to both Brim and Kink residues N244, R213 and R215. Peptide mapping therefore suggested that the distinction between Brim and Kink models may not be justified given they are both represented in the surface area predicted to bind to ss-DNA in our study. We cannot rule out additional A3G residues that bind to ssDNA that we could not detect by MS due to their lower cross-linking efficiency and/or instability. Nonetheless, with the data reported here, a fuller picture is emerging for the requirement of residues from both the N-and C-terminus of A3G in ssDNA binding. Importantly, three-dimensional modeling suggested these residues are part of a continuous exposed surface for DNA interactions. There is now compelling evidence that A3G dimers and higher order oligomers are involved in binding to ssDNA and dC deaminase activity and its processivity along ssDNA (37, 39, 48, 52, 55, 57) . We have not determined whether the ssDNA binding surface identified here functions autonomously in binding to ssDNA within the context of an A3G monomer. The emerging consensus that A3G binds to ssDNA as a dimer (36, 39, 48, 55, 57, 58, 68, 69) suggests that the nanomolar affinity of A3G for ssDNA may be enabled by dimerization of two A3G ssDNA binding 'half-sites'.
Site-directed mutagenesis for RNA binding residues in prior reports has been confined to the N-terminal half of A3G. These studies suggested that residues from aa 22-136 and in particular aa 122-127 (RLYRFW) affected A3G RNA binding, viral particle encapsidation of A3G and RNA-bridged A3G oligomerization (9, 13, 14, 16, 20, 29, 52, 56, 58, 63, 67, 70) . We used MS of tryptic peptides from A3G following UV cross-linking of protein to nucleic acid to identify peptides of A3G that may be involved in nucleic acid interaction. While UV cross-linking does not prove binding, it demonstrates atomic level proximity between residues within A3G and nucleic acids, consistent with direct contact (45, 46) . Peptides identified by MS as uniquely cross-linked to RNA formed a continuous exposed surface spanning aa 15-194 that includes the majority of residues implicated by mutagenesis.
An important new finding from the present study was that RNA and ssDNA cross-linking identified common peptides involved in this interaction (aa 181-194, 314-320 and 345-374). This offers a rational explanation for a competitive mechanism whereby RNA inhibits ssDNA binding. Modeling suggested that the surface of A3G which was uniquely involved in RNA binding was in juxtaposition with the surface involved in binding to both ssDNA and RNA. This new understanding suggested that RNA binding to the N-terminal, RNA-unique surface may allosterically modulate ssDNA binding within the ssDNA and RNA shared surface.
Given the large and heterogeneous nature of A3G ribonucleoprotein complexes in cells (27) , it is difficult to predict the stoichiometry of RNA to A3G in RNP complexes but EMSA suggest that multiple stoichiometries may coexist (26, 29, (37) (38) (39) (54) (55) (56) (57) (58) . Given the multiple surfaces available for RNA-binding on the A3G, A3G:RNA stoichiometries may include but are not limited to ones in which (i) a single A3G binds simultaneously to more than one strand of RNA, (ii) a single RNA may wrap around each A3G protein thereby occupying multiple binding sites per A3G monomer and (iii) combinations of the former two possibilities wherein multiple A3G proteins, through oligomerization with RNA, contribute surfaces to an RNA binding domain that only exists in the A3G oligomeric state. Any and all of these possibilities may account for the megaDalton and heterogeneous aggregates characteristic of cellular A3G-RNP.
The multiplicity of presumed binding surfaces for RNA and binding modalities to RNA may underlie why RNA was not as effective a competitor as ssDNA for ssDNA or RNA bound to A3G. We speculate that this characteristic may affect the ability of RNAs to exchange between different A3G within RNP in living cells prior to A3G turnover or during viral particle encapsidation. It has been suggested that only newly translated A3G, with little or no bound RNA, assembled with nascent viral particles whereas A3G in cellular RNP did not (8) . We do not rule out that RNA binding to the N-or C-terminus may determine different functional implications for A3G, including modulating ss-DNA deaminase activity as recently proposed (63, 65, 67) or functions that are dependent on the sequence of RNA that is bound to A3G. It will be of interest to determine whether the ability of A3G to exchange from the viral RNA genome to nascent proviral ssDNA during HIV replication is affected by a kinetic advantage of ssDNA competing for A3G binding; therefore not solely determined by RNaseH degradation of the RNA viral genome during reverse transcription. The mechanistic explanation for differences in the ability of RNA and ssDNA to compete for nucleic acid bound to A3G remains to be determined.
In conclusion, this study addressed an open question in the field concerning why RNA binding to A3G inhibits ss-DNA binding and thereby inhibits the dC to dU deaminase activity? Our reliance on native protein in complex with nucleic acids as the starting material enabled the first direct evaluation of the residues within intact A3G that were involved in nucleic acid binding. This is the first structurebased support for a competitive mechanism for RNA inhibition of A3G binding to ssDNA binding and deaminase activity and reveals C-terminal peptides heretofore not implicated in RNA binding. The N-terminal peptide contribution to this ssDNA binding surface is a novel finding and provides a structural explanation for why the catalytic domain of CD2 was not sufficient for deoxycytidine deaminase activity. RNA exclusively bound to an exposed surface in the N-terminus of A3G and proximal to the ssDNA binding surface suggested the potential for RNA allosteric regula-tion of A3G deaminase activity and A3G oligomerization. Further studies have been suggested that will address the structure and function of the nucleic acid binding surfaces described here.
